The orbitofrontal cortex (OFC) is thought to participate in making and evaluating goal-directed decisions. In rodents, spatial navigation is a major mode of goaldirected behavior, and anatomical and lesion studies implicate the OFC in spatial processing, but there is little direct evidence for coding of spatial or motor variables. Here, we recorded from ventrolateral and lateral OFC in an odor-cued two-alternative choice task requiring orientation and approach to spatial goal ports. In this context, over half of OFC neurons encoded choice direction or goal port location. A subset of neurons was jointly selective for the trial outcome and port location, information useful for the selection or evaluation of spatial goals. These observations show that the rodent OFC not only encodes information relating to general motivational significance, as shown previously, but also encodes spatiomotor variables needed to define specific behavioral goals and the locomotor actions required to attain them.
Introduction
The orbitofrontal cortex (OFC) is a subregion of the prefrontal cortex thought to be specialized for processing information about reward and punishment. Electrophysiological studies have shown that single neurons in the OFC respond selectively to appetitive or aversive stimuli, such as palatable or unpalatable foods (Thorpe et al., 1983; Schultz, 1999, 2000b) . After learning, OFC neurons come to encode neutral stimuli that have been associated with such motivationally significant stimuli (Roesch and Olson, 2004; Rolls, 1996; Schoenbaum et al., 1998; Schultz, 1999, 2000a) .
The OFC is widely believed to be involved in goal-directed decision-making (Cardinal et al., 2002; Damasio, 1994; Roberts, 2006; Rolls, 1996; Schoenbaum and Setlow, 2001; Schultz et al., 2000) , but its specific function in goal-directed behavior is not well understood. A specific proposal is that OFC contributes to goal selection by encoding the abstract value of disparate potential options in a single currency (Arana et al., 2003; Montague and Berns, 2002; O'Doherty et al., 2001; Padoa-Schioppa and Assad, 2006) . In contrast to pure representation of abstract incentive value or motivational significance, OFC could also have a direct role in representing concrete goals as targets of behavior, a function thought to be essential for goal-directed behavior (Dickinson and Balleine, 1994) . Neurons in OFC do encode specific sensory features that distinguish different types of rewards (Rolls, 1996; Schoenbaum and Eichenbaum, 1995) , and OFC lesions can affect learning based on sensory features that differentiate outcomes (McDannald et al., 2005) . On the other hand, there is yet no electrophysiological evidence for encoding of actions or action-reward associations (Padoa-Schioppa and Assad, 2006; Schoenbaum and Eichenbaum, 1995; Tremblay and Schultz, 2000b; Wallis and Miller, 2003) , as there is for the medial and lateral prefrontal cortex (Matsumoto et al., 2003) and striatum (Samejima et al., 2005) .
In rodents, spatial navigation (including orientation, approach, and other locomotor behaviors) is the principal modality of goal-directed action, and orbitofrontal cortex is part of a network of areas implicated in spatiomotor processing. The ventrolateral subdivision of the OFC, area VLO, is directly connected to a number of areas concerned with spatial information processing, including direct reciprocal connections to the posterior parietal cortex (PPC), medial agranular cortex (Fr2) (Reep et al., 1996) , and the medial prefrontal cortex (mPFC), through which it receives hippocampal input (Ferino et al., 1987; Reep et al., 1996) . Consistent with this anatomy, lesion studies implicate OFC in the performance of tasks that involve spatial navigation. Ablating or inactivating the rat VLO impairs performance of an allocentric foraging task (Corwin et al., 1994) , escape in the Morris water maze (Vafaei and Rashidy-Pour, 2004) , and conditioned place avoidance (Vafaei and Rashidy-Pour, 2004) . While there is electrophysiological evidence for the encoding of odor-place associations in the OFC (Lipton et al., 1999) , there yet is no direct evidence for the specific representation of spatial or motor variables.
The aim of this study was to characterize neuronal activity in OFC in a spatial response task and to understand this area's possible contribution to the selection or evaluation of goal-directed choices. We hypothesized that orbitofrontal cortex may be important to representing spatial goals (defined as the locations to which locomotor behavior is directed) and possibly, in addition, the actions required to reach them. We used a two-alternative choice design in which different odor stimuli cued the availability of a water reward at one of two spatially distinct ''goal'' ports, requiring a spatial choice between these two goals in each trial. Although the appropriate choice varied from trial to trial depending on the odor cue, the average value of the rewards at the two ports was the same. This task design, along with the analysis of both correct and error trials, allowed direction or spatial encoding to be dissociated from both stimulus and outcome encoding. We found that in the context of *Correspondence: zach@cshl.eduthis task over half of OFC neurons encoded the direction of choice or the location of the goal. Moreover, a subset of neurons encoded both the direction and outcome (success or failure) of the choice. Therefore, in contrast to the idea of a pure valuation signal (Arana et al., 2003; Montague and Berns, 2002; Padoa-Schioppa and Assad, 2006; Roberts, 2006) , neurons in the rat OFC encode specific spatial-motor variables required for the representation of goal locations and the responses required to obtain these goals.
Results

Task and Recordings
Five rats were trained to perform an odor-cued twoalternative choice discrimination task (Uchida and Mainen, 2003) . The timing of events is depicted in Figure 1A for an example trial. A rat initiates a trial by entering the central odor-sampling port (initiation), triggering the delivery of one of two odors (stimulus). The rat responds by moving to one of two goal ports (response). A water reward is delivered for correct choices, while error trials are not rewarded, and no other feedback is provided (outcome). Therefore, trials were divided into four main behavioral epochs: initiation, stimulus, response, and outcome (see Experimental Procedures for definitions of these epochs).
Following training (1-2 weeks from the beginning of animal handling until reaching a performance accuracy of 85%), rats were implanted with a chronic electrode drive consisting of six independently adjustable tetrodes. During recordings, animals performed 62 to 452 trials per recording session (227 6 119 trials/session, mean 6 SD, n = 5 rats), and data were collected for 7 to 22 sessions per rat. Animals were well trained but did not perform perfectly. Performance accuracy for pure odors improved from 82% 6 7.0% (grand average of means 6 SD, for all five rats) in the first recording session to 89% 6 2.6% in the last one. Compared to unimplanted animals (Uchida and Mainen, 2003) , odor-sampling time (see Experimental Procedures) was similar (223 versus 255 6 49 ms, grand average of medians), but movement time was somewhat slower (274 versus 386 6 84 ms), probably due to some restriction of movement by the recording cable and headstage. Behavioral performance during recording sessions for one of the rats is shown in Figures 1B-1D (training sessions are not shown).
Electrode tracks were recovered after termination of the experiment using standard histological techniques (see the Supplemental Data available online). Recording locations were in three subregions of OFC: in ventrolateral orbitofrontal (VLO) and lateral orbitofrontal (LO) cortex and agranular insular cortex (AI) (Figure 2A ). Cells were isolated offline using manual clustering methods (see Supplemental Data), and up to ten single units were isolated on individual tetrodes (mean 2.8 6 2 units/tetrode). Figure 2B shows an example of a tetrode where two units were isolated. Only units with good isolation and recording stability across the session were included in the analysis.
The total data set consisted of 598 OFC single units. We used spike width to distinguish putative interneurons and pyramidal neurons ( Figure 2C ). In the population of single units recorded, 8% were classified as Figure 1 . Two-Alternative Choice Discrimination Task (A) Each trial was divided into four epochs: initiation, stimulus, response, and outcome. (Top) Schematic diagram of the timing of behavioral events in an example trial. Behavioral events are recorded using the interruption of the photobeams in the ports (timing of the rat responses) and signals opening the valves (timing of computertriggered events). Gray-shaded boxes represent the boundaries of the trial epochs. (Middle) Frames of the rat performing the task, depicting the four behavioral epochs studied. (Bottom) Diagrams depicting the rat's location relative to the three ports (L, Odor, R) and the relevant variables in each of the epochs. Initiation: the rat enters the central port to initiate a new trial. Stimulus: the rat is at the central odor port and one of two odors (odor A, red arrow; odor B, green arrow) is delivered. Response: the rat moves from the central port to the left (orange arrow, leftward movement) or right (blue arrow, rightward movement) goal ports. Outcome: The rat is at one of the goal ports; for correct trials, a drop of water is delivered (purple arrow); for error trials, water reward is omitted (blue arrow). Schematics in subsequent figures follow the same conventions. (B) Task performance. Accuracy (percent correct choices) changes over the course of the recording sessions; data shown for one of the rats. narrow spiking, putative interneurons (width < 260 ms). In this report we focus exclusively on the remaining 544 units, a population that includes both pyramidal neurons and other nonpyramidal, wide-spiking neurons.
Stimulus Representations
Odor selectivity has been previously reported in the LO and AId subregions of rat OFC (Schoenbaum and Eichenbaum, 1995) . In our recordings, a relatively small population of OFC neurons discriminated between different odor stimuli. One of the most selective neurons encountered is shown in Figure 3A . This neuron responded strongly during the presentation of 1-hexanol, which was paired with left reward, and did not respond during the presentation of caproic acid, which was paired with right reward. To quantify selectivity, we use receiver operator characteristic (ROC) analysis to define a measure of how well the firing rate of the neuron can be used to classify the stimulus (or response direction or outcome; see Supplemental Data). The defined metric, preference, is proportional to the area under the ROC curve, but is scaled from 21 to 1, with 0 being nonselective (see Experimental Procedures). Population data for stimulus preference calculated during the stimulus period are shown in Figure 3B ; the fraction of neurons showing significant preference (p < 0.01, based on a permutation procedure) for one of two odors was 14.5% (79/544 units).
In go/no-go paradigms in which one odor is associated with delivery of water reward at a specific spatial location while a second odor is associated with either punishment or no water delivery (Schoenbaum and Eichenbaum, 1995) at the same location, apparent odor selectivity can result from selectivity for the reward value predicted by the stimuli. In the present design, the two odor cues were each associated with identical water reinforcers, but these reinforcers were delivered at two different goal ports. Thus, the identity of the odor presented at the beginning of a given trial is not predictive of the value of reward that could be expected at the end of that trial, but is predictive of the choice direction that will be rewarded or the location where reward will be available.
To better distinguish between odor selectivity and choice prediction, we trained animals to associate (Right) electrode tracks are overlaid on atlas section corresponding to 3.60 mm anterior to bregma (modified from Swanson, 1998 multiple odors with water at each goal port. Specifically, four or six odors were randomly interleaved, with half of the odors assigned to the right and half to the left goal ports. If OFC neurons encode stimulus information, then units ought to discriminate not only between left/ right response categories but also among odors within a category. A total of 57 neurons were recorded during multiple-odor discrimination sessions; of those, seven showed ''odor selectivity'' when selectivity was calculated between left/right response categories (see Supplemental Data) . The fraction of category-selective neurons was similar to the fraction of stimulus-selective units observed in two-odor sessions (12.3% versus 14.5%; p > 0.5, c 2 test). When odors within a response category were compared, only 2 of 57 units showed significant selectivity, suggesting that OFC neurons primarily encode the behavioral response category rather than uniquely encoding each stimulus.
For the unit illustrated in Figure 3A , selectivity peaked around the end of the stimulus period, i.e., the time of the choice, and continued into the response period. To estimate the time course of selectivity of the population, we selected all the units showing a significant stimulus preference, calculated their peristimulus time histograms (PSTHs), normalized each one according to the peak firing rate, and averaged them together. The peak-normalized average PSTH shows a short-latency onset, a rise of approximately 100-130 ms (after accounting for the experimentally estimated odor delay of 70-100 ms, see Experimental Procedures), and a peak near the end of the stimulus period ( Figure 3C ). Thus, odor information was processed by the OFC sufficiently rapidly to participate, in principle, in selection of response direction.
Behavioral observations suggest that the rat has already chosen a response direction by the time it leaves the odor port (Uchida and Mainen, 2003) ; therefore, neuronal correlates of the decision should be found during the stimulus period. One signature of the direct participation of OFC in an animal's choice of action would be the ability to predict from neuronal activity the rat's choice direction before responses are initiated (i.e., during the stimulus period). We calculated choice probability (Britten et al., 1996) , the probability of correctly predicting the rat's choice given the neuronal firing rate on each trial. This analysis uses an ROC-based metric to compare left and right trials for a given stimulus (note that this means comparing correct and error trials for each stimulus; see Experimental Procedures). Choice probability for the population of cells was 0.57 6 0.03; few cells (5.8% or 10/172 units) showed choice probability that significantly differed from chance. Thus, a small population of OFC neurons carried information about the animal's choice before response initiation.
Encoding of Choice Direction and Goal Location
We next examined selectivity for the direction of the choice the rat made during the leftward or rightward movement from the odor port to one of the goal ports (response period; see Figure 1A ). While coding of response direction has not been previously described in the OFC of rats or monkeys, direction selectivity was the most robust type of tuning we encountered in the two-alternative choice task. Figure 4A shows an example of a unit with robust direction selectivity characteristic of one group of neurons we encountered. This group of neurons showed very low background firing rate (<1 Hz) and robust responses (10 to >50 Hz), with a peak during the movement from the odor port to the goal port. A large fraction of OFC neurons showed significant selectivity for response direction during the response period (221/544 cells, 41%). While we recorded exclusively from the left OFC, selectivity for direction was symmetric for left and right directions (mean direction preference = 0.02 6 0.03, n = 221 selective cells, 117 left-selective cells, 104 right-selective cells; see Figure 4B) . Some direction-selective cells maintained their selectivity upon entry into the goal port, and a subset of left/right-selective neurons fired only after entry into the goal port ( Figure 5A ). Overall, 35% of the cells (189/544) were selective for left/right location while the rat was at the goal port. Population data for left/right preference during the outcome period (i.e., while the rat is at the goal port) are shown in Figure 5B . Altogether, 56% of cells were left/right tuned in either the response or outcome periods.
Do direction-selective neurons reflect tuning for the preceding odor stimulus? If firing during the response or outcome periods reflected an odor memory, then left-or right-selective neurons should also be specifically tuned to a given preceding odor. For each session using multiple odors, we calculated stimulus selectivity among trials sharing a response direction (see Supplemental Data). In some cases, there was a statistically significant modulation by odors within a response category: 23% (9/39) during the response period and 8% (3/ 36) during the outcome. However, this modulation was in each case much weaker than selectivity across categories. Examples of neurons tested with multiple odors are shown in Figure 9A and Figure S2 ; note that these neurons did not discriminate among odors in the response category.
Although this analysis suggests that direction tuning is not a simple result of stimulus selectivity, by comparing trials in which the animal made correct and incorrect choices, we could dissociate stimulus and direction and test whether the firing of these neurons tracked the direction of the response rather than the identity of the preceding odor stimulus. Examination of error trials for the unit in Figure 4A illustrates this point. This neuron responded strongly in correct caproic acid trials and error 1-hexanol trials, which shared a movement direction (right), and weakly in correct 1-hexanol trials and error caproic acid trials, which also shared a movement direction (left). Across the population this can be seen by plotting selectivity in correct trials versus selectivity in error trials ( Figure 4C ). In this plot, neurons that are stimulus selective should fall along the line x = y, while those that are direction selective should fall along the x = 2y diagonal. It can be seen that the population of selective units falls along the latter diagonal.
The interpretation that direction-selective firing reflected choice direction and not stimulus memory is further supported by the observation that a population of direction-selective neurons fired not only when exiting the odor sampling port but also when moving toward the odor sampling port (initiation), that is, before odor presentation. These neurons fired for movements sharing a direction but occurring at different spatial locations (Raster plots, right column) Trials are grouped according to direction of movement during the response period (blue, rightward movement; orange, leftward movement) and sorted according to movement time. Grayshaded area represents the response period. Raster plots and histograms are aligned to movement out of the odor port (odor port out). (Raster plots, left column) For the same cell, trials are now grouped according to the previous trial's choice, i.e., direction of movement during the initiation period (blue, rightward movement; orange, leftward movement). Raster plots and histograms are aligned to movement into the odor port (odor port in). Gray shaded area shows the movement back from the goal ports. Both correct and error trials are included. Note that this cell fired selectively for leftward movements in both phases of the task.
Encoding Spatial Goals in Orbitofrontal Cortexand at different points in the behavioral sequence. Figure 4D illustrates a unit that fired when the animal was leaving the center port to the left and also when it was leaving the right goal port heading left to return to the odor port. Of the 221 units showing direction selectivity during the movement from odor port to goal port, 41 (19%) also showed significant direction selectivity during the movement from the goal port back to the odor port. Such tuning cannot arise from odor selectivity and could be parsimoniously explained as a representation of an orientation or direction of movement rather than a location.
The form of direction selectivity we observed is consistent with both the encoding of head direction or of some parameter of the turn and approach movement. To further explore the latter possibility, we tested whether firing rates of direction-selective neurons correlated with speed of movement. Indeed, 34.4% of this population (76/221) showed a significant correlation between firing rate and speed in their preferred directions (see Experimental Procedures). An example neuron exhibiting a negative correlation between movement speed and firing rate is shown in Figures 6A and 6B . The distribution of correlation coefficients for the population of direction-selective cells is shown in Figure 6C . For the example cell in (A), speed of movement (see Experimental Procedures) is plotted against firing rate. Each point represents a trial, color coded for trials of this neuron's preferred (orange) and nonpreferred direction (blue). Note that speed and firing rate are negatively correlated for both trial types (correlation coefficient r for preferred 20.45, for nonpreferred 20.57). Firing rates look quantized due to the use of a window of fixed length for calculating the firing rate. (C) Population distribution of correlation coefficients (r) for firing rate versus speed during the response period. Distribution of correlation coefficients for movement in the cell's preferred direction (top) and for movement in the cell's nonpreferred direction (bottom). Significance was based on t statistics. (D) Speed/firing rate correlations (r) for the preferred and nonpreferred direction coincide for some direction-selective cells. Scatter plot showing the correlation coefficient for speed versus firing rate for the preferred (x axis) and nonpreferred (y axis) directions of movement. Each point corresponds to one direction-selective cell. For some cells, speed and firing rate were significantly correlated (p < 0.01 based on t statistics) for both the preferred and nonpreferred directions (purple). Note that some cells showing a significant correlation for only one of the directions of movement are shown in gray.
Note that the speed tuning for the preferred and nonpreferred directions in the population of direction-selective cells showed the same sign of correlation ( Figure 6D) .
Although together the above observations strongly suggest that OFC neurons encode a spatial or motor representation, a possible confound in this interpretation could arise due to choice (left/right) bias. If OFC units were strongly tuned for expected value and the relative value of left and right choice ports varied systematically (despite steps taken to maintain equal reward values at the two ports; see Supplemental Data and Figure S3 ), then, in principle, such tuning could influence left/right spatial selectivity. In this scenario, left/right asymmetries in port value might be reflected in a left/ right choice bias. Most rats did in fact show a small overall left/right choice bias ( Figure 1C ), but direction selectivity was not correlated with this bias ( Figure 7A ). Moreover, multiple regression analysis using current and past trial choice directions (the latter being taken as a measure of choice bias; see Supplemental Data for details) showed that for all but a handful of direction-selective cells (8/221, or 3.6%) only the current trial choice contributed significantly to explaining trial-by-trial variance in firing rate during the response period ( Figures 7B  and 7C and Figure S4 ). Thus, left/right tuning of OFC neurons does not appear to result from value selectivity reflected in choice bias.
Outcome Representations
Finally, we analyzed activity during the trial outcome, the delivery of water or its omission. Selectivity of OFC neurons for such motivationally significant events has been proposed to represent either encoding of salient stimuli themselves or evaluation of predictions concerning the delivery of those stimuli (Thorpe et al., 1983; Tremblay and Schultz, 2000b) . More OFC units (75%; see Supplemental Data) showed response modulation during the trial outcome period than any other epoch, and many responsive cells were selective for the type of outcome (29%, or 133/463 cells during a 500 ms epoch following water delivery or its expected delivery). Figure 8A shows an example of a cell that fired selectively for error trials at around the time that water would have been delivered. Other neurons responded more strongly during correct than error trials. At the population level, more OFC neurons were selective for reward omission than reward delivery (mean outcome preference = 20.21 6 0.03, for 133 outcome-selective units). This can be seen in a histogram of outcome preference ( Figure 8B ). It is important to note that firing to reward omission is very unlikely to be a direct sensory response, as there was no sensory event (valve click, error signal, etc.) for the neuron to encode.
The preceding analyses established that many OFC neurons encode response directions or goal locations, but only a small fraction of neurons appear to participate in goal selection (anticipate the decision), as they should if OFC were actively guiding decisions. If OFC is instead primarily monitoring or evaluating decision outcomes, then neurons representing choice direction or goal location might be sensitive to the outcome of individual trials. Examination of both left/right selectivity and correct/error selectivity during the outcome period showed that a subset of OFC units indeed jointly encoded outcome and goal location. Figure 9A shows an example of a neuron with strong location (right goal port) and outcome (water delivery) preference. Figure 9B shows joint outcome/direction selectivity for the population of OFC neurons. For this analysis, we first determined the preferred direction of each unit (when multiple odors were used, trials sharing a correct response direction were considered as a group). Then for trials of the preferred location, we compared activity for correct and error trials. The scatter plot in Figure 9B shows the result of this analysis, where left/right preference is plotted against outcome preference. Of the direction-selective cells, 30% (40/134 cells for which enough error trials were available) were also selective for the outcome at the preferred location. Conversely, of the outcomeselective neurons, 34% (36/106 cells) were direction selective as well. Thus, OFC units combined information about the location of the reward port or the direction of preceding response used to reach it and the outcome associated with the choice.
Discussion
Previous electrophysiological and imaging studies have demonstrated that neurons in the OFC encode the subjective value or motivational significance of stimuli (Padoa-Schioppa and Assad, 2006; Olson, 2004, 2005; Schoenbaum et al., 1998 Schoenbaum et al., , 1999 Schoenbaum et al., , 2003b Tremblay and Schultz, 1999; Wallis and Miller, 2003 ). Here we demonstrate that the OFC in the rodent encodes spatial variables that define important objective properties of behavioral goals. Neurons in rodent OFC therefore do not simply encode the economic valuation of behavioral options (Montague and Berns, 2002; Padoa-Schioppa and Assad, 2006) but represent the specific properties of goals (i.e., location) and actions required to obtain them (i.e., choosing the appropriate heading to reach a desired location). In this way, OFC representations fulfill essential requirements of goal-directed behavior as suggested by animal learning theory (Dickinson and Balleine, 1994) .
Encoding Goal Locations and Response Directions
In this two-alternative spatial response task, more than half of OFC neurons showed selectivity for response direction; this selectivity was more prominent than for any other task variable. Neurons selective for response direction fired during three phases of the task: movement from odor port to goal port, while the rat was at the goal port, and during the movement from the goal port back to the odor port. The firing of some neurons was consistent with a representation of position. However, the robustness of firing during the movement period (firing rates >50 Hz), the existence of cells that fired during movements sharing a direction but not a location (see Figure 4D ), and the prominent correlation between movement speed and firing rates suggest a locomotor rather than a purely spatial representation.
Our description of the encoding of variables related to response direction and goal location in OFC is consistent with and extends previous work on OFC representations. A series of studies by Schoenbaum and colleagues (Schoenbaum et al., 1998 (Schoenbaum et al., , 2003b Schoenbaum and Eichenbaum, 1995) using a go/no-go task focused on the representation of outcome-predictive information during the stimulus and prereward delay periods and used a single goal location. A study by Lipton et al. (1999) used four odor/water ports, but because each odor was presented and rewarded at a fixed spatial location, the representation of spatial position was not dissociated from the representation of odor identity. By dissociating odor stimuli from choice direction and outcome using error trial analysis, we have shown that spatiomotor information is explicitly represented in OFC.
A number of groups have examined neural activity in monkey OFC and have either not reported evidence for spatial or motor representations (e.g., Thorpe et al., 1983; Wallis and Miller, 2003) or reported the absence of such selectivity (Padoa-Schioppa and Assad, 2006; Tremblay and Schultz, 2000b) . Several factors could account for the difference between these findings and the present results. First, in the tasks used in the monkey studies, motor responses consisted of eye movements (Padoa-Schioppa and Assad, 2006; Wallis and Miller, 2003) or lever reaching (Tremblay and Schultz, 2000b) , which only indirectly resulted in delivery of liquid reward through a single mouth tube. Thus, these studies did not use spatially distinct goals (reward locations) or approaches to those goals, as we did in the present study. Moreover, in the studies where monkeys responded with saccades (Padoa-Schioppa and Assad, 2006; Wallis and Miller, 2003) , spatial selectivity could have been missed because spatial receptive fields were not mapped. Alternatively, apparent differences between rodent and primate OFC function may reflect imprecise knowledge of the homology between different subregions of prefrontal cortex across the two species (Carmichael and Price, 1994; Ö ngü r and Price, 2000; Preuss, 1995; Uylings et al., 2003) . It is also possible that rodent OFC plays a more integrated role in spatial cognition, combining stimulus, response, and outcome representations, as, for example, the primate dorsolateral PFC does for eye movements (e.g., Kobayashi et al., 2002; Matsumoto et al., 2003; Wallis and Miller, 2003) .
The Orbitofrontal Cortex within a Network for Spatial Navigation The representation of spatial and motor variables in rat OFC is consistent with anatomical and lesion data in this species. The rodent OFC, especially the ventrolateral region (VLO), where most of our recordings focused, is anatomically situated within a network of brain regions that process spatiomotor information, including the posterior parietal cortex and medial agranular cortex (Reep et al., 1996) . OFC lesions in rats not only impair outcome reversals (McAlonan and Brown, 2003; Schoenbaum et al., 2002; 2003a) and devaluation Pickens et al., 2003) but also produce deficits in spatial navigation tasks (Kolb et al., 1983) , and area VLO is particularly critical to the latter effects (Corwin et al., 1994; Vafaei and Rashidy-Pour, 2004) . Furthermore, unilateral VLO lesions produce a form of spatial neglect (King et al., 1989) .
While encoding of spatial and motor variables related to the position or heading of an animal had not been reported in OFC, correlates of spatial navigation have been observed in many regions of the rodent brain. In addition to the better-known hippocampal place cells (O'Keefe and Nadel, 1978) , thalamic head direction cells (Taube, 1998) , and entorhinal grid cells (Hafting et al., 2005) , spatial representations have been reported in cortical areas, including the subiculum (Cacucci et al., 2004; Sharp, 1999) , sensorimotor cortex (McNaughton et al., 1994) , posterior parietal cortex (McNaughton et al., 1994; Nitz, 2006) , retrosplenial cortex (Chen et al., 1994a (Chen et al., , 1994b Cho and Sharp, 2001) , and mPFC (Hok et al., 2005; Hyman et al., 2005) . Areas strongly associated with spatial encoding, such as the hippocampus, also appear to encode variables related to behavioral salience (Eichenbaum et al., 1987) . Thus, it will be an important challenge to determine how various functions involved in spatial navigation are parceled out among these areas.
Monitoring Rather Than Executing Goal-Directed Choices OFC could perform an executive function in decisionmaking by selecting among alternative goals or by selecting responses associated with specific goals. While many stimulus-selective units appeared to encode primarily response category or associated goal location (rather than odor identity), choice probability analysis showed that only a small fraction of units (5.8%) anticipated the choice direction before motor initiation. This contrasts with, for example, results in primate dorsolateral PFC during a choice task where neurons reflect an upcoming motor response in anticipation of its execution (e.g., Leon and Shadlen, 1999; Wallis and Miller, 2003) . Thus, while goals and goal-directed responses are represented in the OFC, this area does not appear to be strongly participating in goal or action selection in the context of our task. We tentatively attribute this result to the fact that goal port locations and outcomes were fixed and the odor-location associations were already well learned during recording. Based on results from lesion studies Izquierdo et al., 2004; McAlonan and Brown, 2003; Schoenbaum et al., 2002) , we would expect that choice-predictive neurons will be more prominent in OFC when outcome value or stimulus-response-outcome contingencies change (e.g., in devaluation or reversal tasks). OFC might also play a stronger role in goal or action selection during task learning or during the acquisition of new odor-location (Lipton et al., 1999) or odor-response associations.
While OFC does not appear to be mainly involved in selecting goal-directed spatial responses in this task, it nevertheless contains a rich representation of task variables consistent with a function in monitoring responses and their outcomes. Of particular importance in this function is the large subset of OFC neurons that selectively encoded individual trial outcomes. Some outcome-selective neurons appeared to encode water delivery (e.g., Figure 9A ). Insofar as water acted as a reinforcer, these responses could reflect a form of ''value'' (as opposed to sensory) coding, although we did not establish this directly. Other outcome-selective neurons responded with an increase in firing rate on error trials at the time when water reward was expected (Figure 8 ). Such reward omission responses might reflect encoding of reward prediction errors, as described previously in OFC (Thorpe et al., 1983; Tremblay and Schultz, 2000b) and posterior cingulate cortex (McCoy et al., 2003) . Given the high performance of the animals during our recordings, error trials represented a larger deviation from expected outcome than correct trials, which could explain the bias in the population for error-selective units ( Figure 8B ). Whether these responses are quantitatively proportional to the difference between actual and predicted outcome (the prediction error in reinforcement learning theory), remains to be addressed. Outcome prediction error responses could serve to trigger learning (McCoy et al., 2003; Rescorla and Wagner, 1972) or alter decision-making following changes in outcome value or contingency.
Integration of Outcome and Location Information
Rather than reflecting a global abstract signal or reward attainment or prediction error, individual outcome-encoding OFC neurons were also selective for the location of the outcome. It is on the basis of this additional selectivity for an important objective property of the outcome-its location-that we consider OFC neurons to be encoding properties of behavioral goals rather than abstract signals related to subjective value alone. Location is a critical component of a goal representation because it defines attributes of a reward critical to representing it as a target of goal-directed action (Dickinson and Balleine, 1994) .
This finding has significance in the context of reinforcement learning (RL) theory (Sutton and Barto, 1998) , especially for beginning to clarify the possible role of the OFC in this framework (Hasselmo, 2005; Koene and Hasselmo, 2005) . In particular, the existence of joint location-outcome-selective neurons suggests that OFC contains a representation of ''state values,'' a concept that is central to RL. As to whether OFC participates as ''actor'' as well as ''critic'' in RL and whether it contains a representation of ''state-action values'' (as used in some variants of RL), our data are less definitive. Although, as noted above, direction-selective neurons suggest an action representation, in spatial tasks state (location) and action (approach to a location) are difficult to distinguish. Thus, it is possible that OFC is concerned solely with representing states and their value, while action policy learning and selection are carried out in other brain areas. Nevertheless, the existence of choice-predictive neurons, although few in number, indicates that OFC has the capacity for selection of spatial goals and might drive spatial choice selection under some circumstances.
Also, in the context of reinforcement learning, it is interesting to note that our results and others' (Rosenkilde et al., 1981; Thorpe et al., 1983; Tremblay and Schultz, 2000b) are consistent with the representation in OFC of a temporal difference prediction error signal during trial outcome, similar to that carried by the dopamine system (Schultz, 2002) . However, in contrast to dopamine neurons, OFC neurons responded to omission of predicted rewards with an increase rather than a decrease in firing. Thus, OFC neurons might encode a quantity related to the absolute value of reward prediction error, as previously proposed for posterior cingulate cortex (McCoy et al., 2003) . Such a term is similar to a formal definition of salience posited in animal learning theory (Pearce and Hall, 1980) . Maps of stimulus salience have been proposed to exist in the parietal cortex (Gottlieb et al., 1998) and cingulate cortex (Dean et al., 2004) in primates. Further work is needed to establish the quantitative nature of OFC outcome signals, how they relate to spatial maps, and how they impact learning.
Experimental Procedures
See Supplemental Data for detailed procedures.
Animal Subjects and Behavioral Task
Rats had free access to food, but water was restricted to the behavioral session and w15 additional min; drinking time was adjusted to maintain the rats at 85% of their free-drinking weight. All procedures involving animals were carried out in accordance with NIH standards and approved by the Cold Spring Harbor Laboratory Institutional Animal Care and Use Committee.
Behavioral training and testing were conducted as described in Uchida and Mainen (2003) . The behavioral setup consisted of a box with a panel containing three ports equipped with infrared photodiode and phototransistor; interruption of the beam signaled that the rat had introduced its snout into the port. Odors were mixed with pure air to produce a 1:20 dilution at a flow rate of 1 l/min using a custom-built olfactometer (for detailed description see Uchida and Mainen, 2003) . Delivery of odors and water reinforcement were controlled using computer data acquisition hardware (National Instruments) and custom software written in MATLAB (MathWorks, Natick, MA).
Rats were trained and tested on a two-alternative choice discrimination task as follows. Rats initiated the behavioral sequence by entering the odor-sampling port ( Figure 1A) , which triggered the delivery of an odor with a random delay of 0.2-0.5 s. In the two-odor variant of the task, rats were presented with either one of two odors; each odor signaled that water was available in one of the two goal ports. Some rats were trained on two variants of the task: a multiple-odor discrimination task using four or six odors or a binary-mixture discrimination task described elsewhere (Uchida and Mainen, 2003) .
For correct choices, water was delivered with a random delay of 0.2-0.5 s from entry into the goal port. The system was calibrated regularly to ensure that equal amounts of water were delivered at both ports (see Supplemental Data and Figure S3 for calibration data). Behavioral sessions during recording consisted of 250 to 400 trials, spanning 45 to 75 min.
Surgery and Recordings
Each rat was implanted with a custom-made multielectrode drive in the left hemisphere in orbitofrontal cortex (3.5 mm anterior to bregma, 2.5 mm lateral to midline). Rats were allowed to recover for 5-7 days before resuming water restriction and starting the recordings. During that period, tetrodes were gradually lowered to reach OFC. Electrode placements were estimated by depth and later confirmed with histology. Extracellular recordings were obtained using six independently adjustable tetrodes for recording. Individual tetrodes consisted of four twisted polyimide-coated nichrome wires (H.P. Reid, Inc., Palm Coast, FL; single-wire diameter 12 mm, gold plated to 0.25-0.35 MU impedance). Electrical signals were amplified and recorded using a multichannel acquisition system (Cheetah system, Neuralynx, Tucson, AZ). Multiple single units were isolated offline by manually clustering spike features derived from the sampled waveforms using MCLUST software (A.D. Redish). Recordings were obtained for 2-4 weeks with electrode depths adjusted on each recording day so as to sample an independent population of cells across sessions.
Behavioral Analysis
Performance was measured in two ways: accuracy and choice bias. Accuracy was defined as the percent correct choices (over the total number of correct and error trials; error trials were defined to include only trials in which an incorrect response was made, excluding from the analysis trials in which the rats made no choice). Choice bias for each session was calculated as follows: choice bias = (n left 2 n right )/ (n left + n right ), ranging from 21 to 1, with 0 meaning no choice bias. Odor sampling duration was defined to designate the window of time the rat was exposed to the odor stimulus. The stimulus period (see below) starts at the opening of the odor valve and ends with the movement of the rat's snout out of the odor port. However, there is a delay due to valve latency and a delay for the odor to reach the nose of the animal. This latency was empirically estimated to be 70-100 ms using electro-olfactogram (EOG) as described in Uchida and Mainen (2003) . Therefore, we corrected odor sampling duration by subtracting 100 ms to account for this delay. Movement time was defined as the time from withdrawal of the rat's snout out of the odor port to entry into one of the goal ports.
Neuronal Data Analysis
All data analysis was performed using MATLAB.
Epoch Definitions
After isolation of single cells, neuronal activity was analyzed in different task epochs. We divided the trial period into three epochs: stimulus, response, and outcome. The stimulus epoch was defined to begin with the odor valve opening (note that this definition does not take into account the odor latency to reach the epithelium; see Behavioral Analysis above) and end with response initiation (withdrawal from the odor port). The response epoch was defined to begin with response initiation and end with detection of entry into a goal port. The outcome epoch was defined as beginning with water valve onset for correct trials (or the maximum delay for error trials) and continuing for 500 ms. Firing rates were calculated during the entire duration of the stimulus, response, or outcome periods, except where noted.
Selectivity Analysis: Preference and Selectivity To quantify selectivity for task variables (stimulus, response direction, outcome), we used an ideal observer decoding based on ROC analysis (Green and Swets, 1966) . We defined relative stimulus preference: p = 2(ROC area 2 0.5), a measure with a range from 21 to 1, where 21 means ''prefers B,'' 1 means ''prefers A,'' and 0 represents no selectivity. This measure was also used to describe left versus right direction preference (right = 21, left = 1) and water delivery versus water omission outcome preference (no water = 21, water = 1). Absolute selectivity was defined as s = 2(jROC area 2 0.5j), ranging from 0 to 1, where 0 means not selective, and 1 means selective for either condition (A or B, L or R, C or E). Note that this is just the absolute value of the preference defined above. Only cells with a minimum number of ten trials for each condition compared were included in this analysis. For stimulus selectivity within a response category in four-odor experiments, firing rates for trials of the two stimuli in each response category were compared using ROC analysis, as described above. In experiments with six odors, the firing rates of the three odors belonging to each response category were compared using a Kruskal-Wallis test (nonparametric ANOVA).
Choice Probability Choice probability (Britten et al., 1996) is a metric based on ROC analysis that quantifies the ability to predict the rat's choice in a given trial by examining neuronal firing rates before the choice. It can be understood as the probability of, given the neuronal firing rate on a trial, correctly predicting the choice the rat makes. For each stimulus, we compared the firing rate at the end of the stimulus period (250 ms window preceding the movement out of the odor port) for trials in which the rat made a left or right choice (correct versus error). Cells were considered to show significant choice probability if left versus right trials could be distinguished for at least one of the stimulus conditions (cells that showed choice probability for both stimulus conditions were counted only once). To compute the mean choice probability, for each cell the highest choice probability (for A or B) was used.
Speed/Firing Rate and Speed/Temporal Width Correlations Speed was calculated as: speed = distance/movement time, where distance was from the central port to the goal ports (57 mm). Firing was calculated using the end of the response period (a window of fixed length, 250 ms before entry into the goal port). For each direction-selective cell, firing rates in trials in the cell's preferred direction were correlated with the speed for the corresponding trials; the same was done for trials in the cell's nonpreferred direction. Thus, for each cell we obtained two correlation coefficients. Correlation coefficients were computed using the MATLAB routine corrcoef. This function tests the hypothesis of no correlation using t statistics. We report the p value resulting from that test.
Statistics
For all modulation, preference, and selectivity measurements (unless otherwise noted), significance was calculated using a permutation procedure. We used a criterion p < 0.01 to determine significance. At this level, five or six false positives are expected for an analysis of the entire population of 544 cells (and respectively fewer for analyses involving smaller populations).
All statistics reported are mean 6 SEM, unless otherwise noted.
Supplemental Data
The Supplemental Data for this article can be found online at http:// www.neuron.org/cgi/content/full/51/4/495/DC1/.
